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ABSTRACT: The mechanical behaviour of frozen soils currently gets progressively into the focus of fundamental research
and is an ongoing challenge in the increasing use of artificial ground freezing as well as in the context of the thawing and
refreezing of permafrost due to global warming. In both cases, frozen soils exhibit shear and creep deformation resulting
from both compressive and tensile loading. However, relatively few experimental studies deal with the tensile shear and
creep behaviour of frozen soils compared to investigations under compressive loading. Therefore, this study presents a
comprehensive investigation of the tensile behaviour of frozen granular soils, including uniaxial shear and creep tests at
various temperatures under compressive and tensile loading. Evaluation of the test data and comparison with data from the
literature reveal the fundamental characteristics of two different frozen granular soils under tensile loading and highlight
their essential differences from behaviour under compression. Overall, this comprehensive study aims to contribute to a
more fundamental understanding of frozen soils' complex mechanical behaviour under both compressive and tensile loading.

RESUME: Le comportement mécanique des sols gelés fait actuellement 'objet d'une recherche fondamentale progressive
et constitue un défi permanent dans le cadre de I'utilisation croissante de la congélation artificielle des sols ainsi que dans le
contexte du dégel et du regel du pergélisol en raison du réchauffement climatique. Dans les deux cas, les sols gelés présentent
des déformations de cisaillement et de fluage résultant de charges de compression et de traction. Cependant, relativement
peu d'études expérimentales traitent du comportement des sols gelés en maticre de cisaillement et de fluage par rapport aux
études sur les charges de compression. C'est pourquoi cette étude présente une étude compléte du comportement en traction
des sols granulaires gelés, y compris des essais de cisaillement uniaxial et de fluage a différentes températures sous charge
de compression et de traction. L'évaluation des données d'essai et la comparaison avec les données de la littérature révelent
les caractéristiques fondamentales de deux sols granulaires congelés différents sous charge de traction et mettent en évidence
leurs différences essentielles par rapport au comportement sous compression. Dans l'ensemble, cette étude compléte vise a
contribuer a une compréhension plus fondamentale du comportement mécanique complexe des sols gelés sous charge de
compression et de traction.
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1 INTRODUCTION the shear resistance of the ice. Probably, the most
interesting and distinctive feature of frozen soils is
their rate- and temperature-dependence resulting from
the viscous behaviour of the ice. For example, in
uniaxial creep tests under compressive loading, the
strain rate first decreases (primary creep), then reaches
a minimum value (secondary creep) and afterwards
increases with time (tertiary creep), resulting in
unstable frozen soil behaviour at this point. Despite the
well-studied shear and creep behaviour of frozen soils
under compressive loading, comparatively fewer
studies under tensile loading are available in the
literature. However, from a practical point of view,
taking into account the tensile strength of frozen soils
has significant potential to improve the current

In general, frozen soil is a complex multiphase
material consisting of four components: mineral
grains, unfrozen pore water, frozen pore water, and air
voids. Particularly in saturated frozen granular soils
with low fine content (i.e. < 0.06 mm), only two
components are relevant as the grain skeleton is
embedded in the ice matrix. As Cudmani et al. (2023)
described, the frozen soil's shear resistance results
from a complex interaction between the grain skeleton
and the ice matrix. On the one hand, the ice hinders the
dilatancy of the grain skeleton, leading to an increase
in grain-to-grain contact forces and shear resistance.
On the other hand, the grains retard the development
and spreading of cracks in the ice matrix and enhance
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mechanical designs of frozen soil bodies. Moreover, in
permafrost engineering scenarios such as slope and
ground stability, frozen soils exhibit not only
compressive loading, but also tensile loading. Here,
understanding the complex frozen soil shear and creep
failure processes under tension becomes even more
relevant due to climate change and the temperature
rises in permafrost regions. Therefore, in this study, we
focus on the tensile behaviour of frozen granular soils
in both shear and creep tests and compare it to that
under compression, providing important insights into
frozen soil engineering under compressive and tensile
loading.

2 METHODS
2.1  Testing materials

This study introduces a lab testing programme,
including standard uniaxial compression tests and
special, indirect uniaxial tensile tests at a temperature
of -5 °C. Both types of experiments were performed
with frozen sandy gravel, which is obtained from
drilling campaigns in southern Germany. Moreover,
we use comprehensive experimental data of frozen
medium sand by Eckardt (1979, 1982) to compare its
uniaxial creep behaviour under compressive and
tensile loading. Figure 1 shows the grain size
distributions of both granular soils.
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Figure 1. Grain size distributions of our own tested
sandy gravel and medium sand after Eckardt (1982).

2.2 Sample preparation

Our experimental study includes two different sample
types of frozen sandy gravel. We prepared full cylinder
samples for uniaxial compression tests, while hollow
cylinder samples were used for uniaxial tensile tests.
Figure 2 illustrates examples of the prepared full and
hollow cylinder samples with the frozen sandy gravel
tested in this study. Firstly, we briefly summarise the
sample preparation method for both specimen types.
In both cases, dry material was filled into a cylindrical
mould with a diameter of 100 mm and a height of 250
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mm. Subsequently, the mould was closed and flushed
with CO2 to displace the air within the sample. Next,
the sample was slowly saturated from the bottom to the
top with de-aired water. Afterwards, the mould was
sealed airtight and placed into a cooling chamber to
freeze the sample isotopically to the testing
temperature of -5 °C. Finally, the frozen samples were
pushed out of the mould, and their end plates were
trimmed and smoothed out using cutting tools. At the
end of the preparation procedure, the full cylinder
samples had a diameter of about 100 mm and a height
of about 200 mm.

Full cylinder Hollow cylinder
Figure 2. Examples of the two tested types of frozen

sandy gravel samples.

In contrast to the above procedure, the preparation
of the hollow cylinder samples began by placing a 40
mm diameter steel rod in the centre of the mould. The
actual preparation process was then essentially the
same as for the full cylinder samples, including
pushing out the steel rod of the frozen sample. The
hollow cylinder samples had an outer diameter of
about 100 mm, an inner (hole) diameter of 40 mm and
a height of about 200 mm.

The full and hollow cylinder sample characteristics
were very similar, with an average gravimetric water
content of 14.5 %, dry unit weight of 1.87 g/cm? and
an average degree of saturation of 89 %.

2.3 Testing equipment for indirect tensile tests
using the hydraulic fracturing method

In order to investigate the frozen soil tensile shear
behaviour, either so-called direct or indirect tensile
tests are reported in the literature. Although direct
tensile tests are desirable, they are more challenging to
perform and more time-consuming than indirect
tensile tests. In fact, from a practical point of view,
indirect tensile tests seem sufficiently accurate to
approximate the tensile behaviour of frozen soils, with
the advantage of reduced test effort and less complex
measurement equipment (Wang et al., 2023). In this
study, we performed indirect tensile tests on frozen
gravel using a hollow-cylinder device based on the
hydraulic fracturing method (HFM) proposed by Al-
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Khateeb and Buttlar (2000) and Perras and Diederichs
(2014) in the field of testing asphalt and rock
mechanics. This practical and comparably simple
testing method has recently been demonstrated by
Wang et al. (2023) for frozen silt. In this study, we
applied HFM to frozen coarse-grained soils for the
first time. In the following, we briefly summarise
HFM,; for further details, see Al-Khateeb and Buttlar
(2000) and Wang et al. (2023). HFM is similar to the
dilatometer test conducted in boreholes in situ. The
core aspect of HFM is the use of a hollow cylindrical
specimen in which the internal pressure p is gradually
increased. This pressure is applied until the specimen
reaches its peak strength, indicating shear failure under
tension (radial splitting of the sample). Since the
internal pressure p can be well controlled, HFM allows
different types of loading, such as monotonically
increasing p or keeping p constant (creep). As such,
HFM is comparatively cost-effective and provides a
technically simple yet fundamental insight into the
mechanical response of the specimen under stress.
Figure 3 shows our used testing set-up and
supplementary equipment to perform HFM on frozen
gravel.

1: Volume pressure
controller VPC

2: Pressure tube

3: Packer system to apply
the pressure to the
sample

4: Frozen hollow cylinder
sample

5: Steel tube to prevent
packer sleeve expansion
outside the sample

6: Steel plates

Pressure control system

Experimental rig

Figure 3. Experimental set-up to perform hollow-
cylinder tensile tests (HFM) at the Center for
Geotechnics of the Technical University of Munich.

As can be seen in Figure 3, the internal pressure p
was applied to the sample via a conventional packer
system commonly used for grouting works. The
applied pressure was controlled by a volume pressure
controller (VPC). In addition, a steel tube at the top
and bottom of the packer prevented the packer
membrane from expanding outside the sample.
Consequently, only the packer membrane inside the
hollow cylinder expanded and applied pressure to the
sample. Steel plates at the top and bottom of the
sample hindered vertical displacements of the sample.
Hence, the sample only deforms radially during the
tests. The packer membrane and the contact areas of
the steel plates with the sample were lubricated to
reduce friction. In order to convert the measured
internal pressure p into the stress state of the sample,
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based on theoretical and mechanical considerations,
Perras and Diederichs (2014) and Wang et al. (2023)
proposed the following equation for the tangential
stress og:

_ _ R%+71?
69 - Gt - p R2—72

(1)

In Equation 1, oy corresponds to tensile stress o, in
HFM, while p is the applied internal pressure.
Moreover, t is the radius (location in the sample) at
which o, is evaluated, and R is the outer radius of the
hollow cylinder. Based on our tested sample
dimensions for frozen gravel described in Section 2.2,
Equation 1 results in o; = 1.38 - p at the outer surface
with r = 20 mm and R = 50 mm.

2.4 Testing program

In order to investigate the difference in the shear
behaviour between compressive and tensile loading,
five uniaxial compression and five tensile tests on
frozen gravel were performed at —5.0 °C. The results
of these freezing tests are discussed in the next section.

3 EXPERIMENTAL RESULTS OF
UNIAXIAL SHEAR TESTS

3.1 Uniaxial compression tests

Figure 4 depicts the experimental results of uniaxial
compression tests with frozen gravel at -5 °C for
different constant axial strain rates £; from 0.01 %/min
to 1.0 %/min.

——1.00 - = -0.10 =eeeee 0.01

0 1 2 3 4 5 6

&[]
Figure 4. Evolution of axial stress oy over axial strain
& in uniaxial compression tests at -5 °C with different
constant axial strain rates & for frozen sandy gravel.

The test results in Figure 4 are in accordance with
the well-known rate-dependent behaviour of frozen
soils, as the uniaxial compression (peak) strength o,
increases with increasing axial strain rate. In fact, o,
ranges between 1.5 MPa up to about 4.5 MPa. This is
consistent with studies like Zhao et al. (2020), who
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reported a similar rate-dependent order of magnitude
for frozen gravel at -5 °C.

3.2 Indirect uniaxial tensile tests (HFM)

After analysing the shear strength of frozen gravel in
uniaxial compression tests, the uniaxial tensile
behaviour is discussed and compared with that under
compression. Figure 5 shows the experimental results
of HFM on frozen sandy gravel at -5°C. In particular,
Figure 5(a) describes the measured and evaluated
volume increase of the packer membrane AV during
the tests. The radial expansion of the packer membrane
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(a) Schematic view of HFM evaluation procedure for AV, which

leads to radial deformation of the frozen soil sample
and, after a particular stage, to tensile/shear failure. In
this context, Figure 5(b) compares the tensile stress o
with AV, where o; is calculated from the measured
inner pressure p according to Equation 1. At the
beginning, o; slowly increases with increasing AV.
Afterwards, there is complete contact between the
packer membrane and the frozen soil sample. Hence,
o increases faster with AV until the peak tensile
strength o, is reached. The sample shows brittle
failure by abruptly enlarging cracks (see Figure 6) and
consequently, the stress instantaneously drops to zero.

AV/At [ml/min]

30

e 5---920

0 5 10 15 20 25
AV [ml]

(b) HFM test results on frozen gravel

represents the change of the volume within the packer membrane.
Figure 5. Experimental results of HFM tests on frozen sandy gravel at -5°C. o; represents the uniaxial tensile

strength of the sample.

F i:gure 6. Example of a sandy gravel sample tested
and its corresponding crack pattern after tensile
testing.

The peak strength o, in Figure 5(b) ranges from
3.2 MPa to 4.0 MPa with an average value of 3.6 MPa.
In addition, the experimental results do not indicate a
pronounced rate-dependence of the frozen soil tensile
behaviour, as o, is mostly independent of the
investigated incremental volume increase AV/At. In
fact, this is consistent with experimental observations
by Schulson and Duval (2009), which revealed no
significant rate-dependence of the tensile strength of
polycrystalline ice. Therefore, the tensile shear
behaviour of the frozen soil should also be less
affected by the rate of shear loading, as the
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polycrystalline ice contained in the frozen soil controls
the viscous behaviour. For validation purposes of the
measured tensile strengths of o, Figure 7 compares
our own experimental results with literature data. As
can be seen in Figure 7, the peak tensile strengths of
frozen gravel generally align in terms of magnitude
with data from the literature for other frozen soils.
Note that the results from tensile testing generally
show larger scatter compared to data from
compressive tests. Therefore, we recommend
conducting a sufficient number of tests to ensure
reliability and accuracy for the evaluation of the data
for tensile loading. A key observation from the
comparison in Figure 7 is the tensile strength of pure
ice (blue symbols), which is approximately 1 MPa and
appears to be largely temperature-independent. The
tensile strength of the frozen soils tested in Figure 7 is,
with some exceptions, higher than that of the pure ice.
This suggests a positive influence of the granular
skeleton on the tensile strength as compared to pure
ice. The granular skeleton hinders the weakening crack
initiation and propagation in the ice matrix. Therefore,
the tensile strength of frozen soils can be significantly
higher than that of pure ice. Indeed, the shear
resistance of the granular skeleton could also
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contribute to the overall tensile strength. However, the
measurement technology used in the reported tensile
tests as well as in our tests by HFM is not sophisticated
enough to confirm this assumption. Further
investigations using the latest instrumentation and
measurement techniques, focusing on micro-scale
resolution, are required in the future. From a practical
point of view, comparing the tensile strength
Gty (Figure 5(b) and Figure 7) and the compression

strength . (Figure 4) of frozen gravel, we conclude
that the ratio of f;/c = oy/0 is not constant for a
given temperature. It rather depends on the considered
compression strength . and its corresponding axial
strain rate €;. For instance, assuming a mostly rate-
independent tensile strength o, even for very low
shear rates, f;/. is only less than one for o.(¢; =
1.0 %/min), when comparing the results in Figure 4
with Figure 5(b).
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Figure 7. Comparison of the peak uniaxial tensile strength oy, obtained from our own tests with frozen sandy gravel
(red symbols) and literature data at different temperatures. ! direct tensile test; ? indirect tensile test.

FS la: Haynes and Karalius (1977). FS 1b/1c: Zhu and Carbee (1987). Silica sand: Bragg and Andersland (1981).
Sand: Shen et al. (2022). Ice (a): Akagawa and Nishisato (2009). Ice (b): Schulson and Duval (2009).

For 6.(¢; < 1.0 %/min), f;, is greater one and
thus, the tensile strength is greater than the compared
compression strength.

In conclusion, our indirect tensile tests on frozen
sandy gravel and their comparison with literature data
demonstrate frozen soils' significant and considerably
high tensile strengths. Taking into account physical
considerations and experimental investigations on
polycrystalline ice, the frozen soil tensile strength shall
be mostly rate-independent. Consequently, the
essential mechanical behaviour and the peak strength
of frozen soils under tensile loading can differ
significantly from the one under compressive loading.

4 COMPARISON OF UNIAXIAL CREEP
TESTS UNDER COMPRESSIVE AND
TENSILE LOADING

4.1 Creep tests on frozen medium sand after
Eckardt (1979, 1982)

Although the experimental results and discussions in
Section 3 indicate that in some cases, the uniaxial
tensile strength is higher than the compressive strength
for frozen soils, from a practical point of view in
relation to the mechanical design of frozen soil bodies,
the creep behaviour and therefore the service limit
state is more important than the ultimate limit state.
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Based on the comprehensive experimental data by
Eckardt (1979, 1982), we compare the creep behaviour
of frozen medium sand under tensile and compressive
loading and highlight their essential differences. In this
context, Figure 8 depicts uniaxial creep tests for
different axial compression (solid lines) and tensile
(dashed lines) stresses at -5 °C and -10 °C. The results
in Figure 8 show the typical creep behaviour,
characterized by a continuous increase in axial strain
over time under both tension and compression.
However, a crucial observation is the time-dependent
evolution of creep deformation under tensile loading,
which in two cases (01, = 1.0 MPa and oy ¢/ =
2.0 MPa) is notably faster than under equivalent
compression stress state. This is illustrated by the
sudden occurrence of creep failure in two tensile tests
within a short period at -5°C and -10°C, whereas no
such failure is observed in the equivalent compressive
creep tests. Furthermore, the initial axial deformations
during the load application (t < 10h) are higher under
compression than under tension. This indicates a
higher initial frozen soil stiffness under tension than
under compression. Nevertheless, as can be seen in
Figure 8, the subsequent creep phase under
compression is significantly more ductile than that
under tension, where it is predominantly brittle, with
the potential for sudden failure.
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Figure 8. Experimental results of uniaxial creep tests
with frozen medium sand under compressive and tensile
loading. Open symbols at -5°C and filled symbols at-
10°C. Data after Eckardt (1979, 1982).

In summary, the creep strength under tensile stress
is significantly lower than the creep strength at the
equivalent compressive stress state. Furthermore, the
deformation behaviour under tension appears to be
brittle, whereas the frozen soil exhibits largely ductile
characteristics under compression. Note that further
experimental investigation of the frozen soil creep
behaviour under tensile loading is required to better
understand and quantify these complex mechanical
processes and differences from the known creep
behaviour under compression.

5 CONCLUSIONS

This study presents a comprehensive analysis and
comparison of the shear and creep behaviour of frozen
sand and gravel under compressive and tensile
loading. The experimental results show the following
significant differences in mechanical behaviour
between uniaxial compressive and tensile loading:

e The frozen soil tensile strength amounts to
comparably high values and may even be higher
than the corresponding compression strength.

e The uniaxial creep strength is lower in tension
than in compression at the same stress levels and
temperatures. Consequently, under the same
stress and temperature conditions, creep failure
will occur much earlier under tension than under
compression.

e In both tensile shear and creep tests, frozen
granular soil exhibits a pronounced brittle
behaviour when compared to its ductile
characteristics under compressive loading.

Taking into account the scatter and sudden failure

observed in the tensile tests, we recommend extensive
testing to obtain reliable data on the tensile behaviour
of frozen soils before their tensile shear and creep
strength are considered in practical applications.
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